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Abstract
This paper presents the modeling and simulations of a solar thermophotovoltaic (STPV) system with sodium fluoride
(NaF) as thermal storage material. A Cassegrainian optical concentrator is modeled using Ray Tracing to determine 
its optical efficiency under realistic solar irradiance data. Also, a tungsten photonic crystal (W PhC) selective emitter
with a Germanium (Ge) PV cell are simulated using PC1D software where the cell efficiency and power density are 
evaluated. Thermal analysis is carried out using COMSOL-Multiphysics to study the system thermal behavior and
determine the overall system efficiency and power output. The results show that the designed system can reach 85.2%
solar to thermal efficiency and a corresponding 11.9 % efficiency for the Ge cell. We also concluded from the 
thermal analysis that NaF does not allow a uniform temperature distribution inside the system due to its low thermal
conductivity.
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1. Introduction
Energy security and climate change which are caused by population increase and massive burning of 
fossil fuels are serious challenges to humanity. A promising solution for future energy supply and climate
change is to use renewable sources such as solar energy to provide energy for human development. In
thermophotovoltaic (TPV) technology, heat energy is converted to photons by the emitter. Then the
photons are converted to electricity using PV cells as shown in Figure 1. In STPV, the emitter is heated to
1000-2000 K using concentrated sunlight.
One of the main drawbacks in solar energy systems is that the sun does not shine for the whole day.
There are ways to have a continuous power generation for STPV systems such as using electrical energy
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Figure 1: Schematic diagram of a TPV system 
storage like batteries. However, batteries have their disadvantages and will increase the cost. Thermal 
storage materials such as phase change materials (PCM) can be used to store excess solar energy during 
the sun shine period and release it after sunset. STPV systems with heat storage can be used to 
continuously produce electricity. A typical STPV system is made of a parabolic mirror to concentrate 
sunlight and a receiver that absorbs this incoming sunlight and converts it to electrical energy. A STPV 
system with heat storage was proposed and can continuously provide an unmanned vehicle with 
electricity for each period of three hours: two hours under irradiation and one hour without any heat 
source. The system was tested for 550 hours, and an efficiency of 18-28% was estimated at that time 
(1996). It was stated that an efficiency of about 50% is expected with advance technology development 
and optimization [1]. Chubb et al. proposed a hybrid TPV system with heat storage that can work with 
concentrated solar energy and fuel. They also studied the effect of thermal storage material tapering 
which shows that there is an increase in the thermal flux at the emitter [2]. 
Silicon was the only PCM used in previous researches [1, 2]. Its physical properties make it very 
attractive for TPV applications. Silicon has a melting point of 1678 K which is within the operating 
temperature of TPV systems. It has a high thermal conductivity of about 20 W/m.K (at melting 
temperature) and very high latent heat of fusion which equals to 1800 kJ/kg. NaF seem to be a good 
option as thermal storage materials in TPV applications as its melting temperature (1266 K) is within the 
TPV operating temperature. One possible problem may be its low thermal conductivity which equal to 1.3 
W/m.K (at the melting temperature). However, thermal analysis can help us determine whether or not this 
value of thermal conductivity is applicable for such systems. Also, NaF has a high latent heat of fusion 
that is equal to 790 kJ/kg. 
Tungsten photonic crystals (W PhC) [3] exhibit a good selective emission at a temperature equal to the 
melting of NaF. The power density of such emitter at 1266 K is about 2.845 W/cm2 with a peak at 1750 
nm. It is a three-dimensional woodpile stacked W PhC fabricated using a layer-by-layer modified silicon 
process. More information about W PhC is available in [4-6]. 
In order to have an efficient conversion of infrared radiation from the emitter into electricity, the 
bandgap of the PV cell used should be just above the main emission peak. Ge has a bandgap of 0.67 eV 
(equivalent to 1850 nm) at 300 K and is characterized by its low cost and good performance for TPV 
applications. Also, a lot of research was done on the development of Ge cells [7]. 
In this paper, the design and thermal analysis of cylindrical STPV system with NaF as thermal storage 
were performed. A Cassegrainian optical concentrator was used to concentrate the sunlight to the receiver 
cavity. The receiver cavity is a parabolic surface made of silicon carbide. Its focal length will be 
optimized for a better light absorption. W PhC at 1266 K was used as selective emitter as it shows a good 
selective emission at temperatures near the melting point of NaF (1266 K). The Ge cell parameters used 
in the simulations are based on the data given in [8, 9]. 
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2. Methodology 
A two-dimensional schematic diagram of a cylindrical STPV system with a thermal storage material is 
shown in Figure 2. The receiver cavity which is made of SiC is heated up by the incident concentrated 
solar flux to increase its temperature. In order to reduce the heat losses by convection, vacuum insulation 
is applied between the receiver cavity and the surrounding. Since the receiver cavity is made of SiC 
which is a gray body with high emissivity of 0.7-0.94 [10], there will be a substantial amount of radiative 
losses from the cavity to the surroundings. Therefore, a cavity shutter which is made of a highly reflective 
material is used to close the receiver cavity when no solar flux is incident on the system. Thus, the 
emission from SiC will then be reflected back to the cavity and reabsorbed to keep its temperature high. 
Heat is then transferred to the PCM by conduction leading to a rise of its temperature to the melting 
point which is 1266 K. After that, the conduction of heat occurs from the PCM to the selective emitter 
resulting in increasing its temperature to the desired working temperature. Then, the selective emitter 
emits radiations that are converted to electrical energy through the Ge cells which are placed opposite to 
the emitter. To reduce both Ge cells heating and thermal losses, vacuum insulation is used between the 
selective emitter and the Ge cells. By doing so, the selective emitter radiation can reach the Ge cells 
without interruption and the convective heat transfer between the relatively hot selective emitter and the 
Ge cells is minimized. Also, the vacuum insulation between the selective emitter and the Ge cells is 
shaped in a way that allows a large area of emitter to increase its total radiation, and small Ge cells area to 
reduce the cost. 
In order to control the electrical power output, reflective shutters are placed between the selective 
emitter and the PV cells to reflect back the emitter radiation during the start-up process and when emitter 
temperature goes down. On the other hand, when the emitter temperature exceeds the optimum 
temperature, the reflective shutters will be 100% open leading to a maximum power output and cooling-
down of the emitter. Therefore, the emitter temperature and the electrical power output of the system can 
be controlled by adjusting the opening percentage (OP%) of the reflective shutters. A similar design was 
proposed by Stone et al. using silicon as PCM for space applications [1]. 
 
 
Figure 2: 2D schematic diagram of STPV system with thermal storage material 
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Two boundary conditions are needed before starting the thermal analysis, which are the input thermal 
energy (from concentrated sunlight) and output electrical power and Ge cell efficiency. The value of the 
direct solar irradiance used is the UAE daily average (10h/d), which is 424 W/m2 [11]. A Cassegrainian 
optical concentrator system will be modeled using TracePro to estimate the input thermal energy to the 
system through the receiver cavity as shown in Figure 3. The second boundary condition will be 
determined from Ge cell simulation using PC1D. 
 
 
Figure 3: Cassegrainian optical concentrator [12] 
The receiver cavity is made of silicon carbide (SiC), and the spectral reflectance of SiC is shown in 
Figure 4. Since the spectral reflectance of SiC is ranging from 0.5 to 0.2, there will be a substantial energy 
loss due to the reflection of solar radiation. To overcome this problem, the design of the receiver cavity 
should be made in a way to trap the incident solar radiation. Therefore, it was made in a parabolic shape 
that allows internal reflections of the incident solar radiation which will lead to higher absorption 
probabilities as shown in Figure 5. 
 
 
Figure 4: Reflectance of SiC versus wavelength at 300 K [13]. 
Based on energy balance and to have an average of 2 kW of electrical energy continuously 9.8 m 
diameter primary concentrator with an area of 75.4 m2 is needed. Also, a cylinder made of NaF that has a 
radius (rNaF) of 0.37 m and height (hNaF) of 0.74 m should be used to supply average of 2 kWe during the 
14 hours of night based on 15% conversion efficiency. The insulation thickness used was 0.15 m of 
10%SiO2+90%Al2O3 insulation material made by Refractory Specialties Incorporated® [14] which was 
selective based on its low thermal conductivity and high operating temperature. The electrical power 
output (Pelec) can be calculated as shown below 
Geemitelec ηOP%PP uu  
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where; Pemit is the power emitter by the emitter (W) which can be calculated using (1), OP% is the 
opening percentage of the reflective shutter which can be determined from Figure 6, ηGe is the efficiency 
of the Ge cell which can be calculated  as follows 
 
 
Figure 5: Internal reflections of the incident solar radiation inside the receiver cavity 
)1(, TsGeGe 'u EKK  
where ηGe,s is the efficiency of Ge cell at 300 K, β is the temperature coefficient and ΔT is the temperature 
difference between Ge cell temperature and 300 K. 
4
aeemit TP HV     
where ε is the emissivity of the selective emitter which is assumed constant with temperature, σ is the 
Stefan constant (W/m2.K4) and Tae is the average emitter temperature (K) 
 
 
Figure 6: OP% versus average emitter temperature (Tae) 
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3. Results and Discussion 
3.1 Optical concentrator efficiency 
The total solar power incident on the receiver cavity after reflecting from the primary and secondary 
mirrors is 28527 W. The efficiency of the receiver cavity can be calculated using the following equation 
Ʉେୟ୴୧୲୷ ൌ
ሺሻ
ሺሻ 
 
Different values of the focal length of the parabolic shape receiver cavity (Fcavity) leads to different 
values of the absorbed power. Figure 7 illustrates the effect of the receiver cavity focal length on its 
efficiency (ηcavity). 
 
 
Figure 7: The receiver cavity focal length versus (ηcavity) 
Since ηcavity stabilizes when the focal length is about 2 cm, this value was chosen to proceed with the 
simulations. The total solar power absorbed by the receiver cavity is 27261 W. Table 1 summarizes the 
results from the optical concentrator simulations showing the optical efficiency of each component of the 
system. The overall efficiency was calculated by dividing the absorbed power in the cavity by the incident 
power on the primary mirror. 
 
Table 1: Optical efficiency of each component of the Cassegrainian concentrator 
Component Incident (W) Reflected/Absorbed (W) Efficiency 
Primary mirror 31979 29705 92.9% 
Secondary mirror 29705 28527 96.0% 
Receiver cavity (F=2 cm) 28527 27261 95.6% 
Overall   31979  27216 85.2% 
 
3.2 Ge cell output 
The emission spectrum of W PhC at 1266 K is shown in Figure 8. The emission spectrum is simulated 
with Ge cells at 300 K to find the maximum power output and the cell efficiency which can be calculated 
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from the I-V curve shown in Figure 9. Table 2 illustrates the efficiency and the power output for Ge cell 
under the emission of the W PhC selective emitter. The emissivity of W PhC was calculated to be 0.195. 
 
 
Figure 8: Emission spectrum of W PhC at 1266 K [3]. 
 
Figure 9: I-V curve of the Ge cell using W PhC selective emitter at 1266 K. 
Table 2: Efficiency and power output of Ge cell using W PhC selective emitter. 
Selective Emitter W PhC at 1266 K 
Emitter intensity (W/cm2) 2.845 
Voc (V) 0.357 
Jsc (mA/cm2) 1439 
Pmax (W/cm2) 0.3391 
FF (%) 64.6 
η (%) 11.9 
 
3.3 Thermal analysis 
The height of the W PhC selective emitter required to generate 4 kWe (peak) is 51 cm. This value is 
equivalent to an emitter area of 1.18 m2. Table 3 summarizes the parameters of the STPV system with 
NaF as thermal storage and Ge cell. The system parameters are fed to COMSOL Multiphysics and the 
simulation was carried out. Figure 10 illustrates the temperature distribution of the STPV system with 
NaF thermal storage after 5 days of operation. The temperature is concentrated near the cavity due to NaF 
low thermal conductivity of 1.3 W/m.K at the melting point. Although NaF has very attractive latent heat 
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of fusion, density and melting point to be used as thermal storage material in STPV application, it is 
handicapped by its low thermal conductivity. 
 
Table 3: Parameters of the STPV system with silicon as PCM and Ge cell. 
Parameter Value Unit 
Height of emitter (he) 51 cm 
Height of Ge cell (hPV) 25.5 cm 
Convective heat transfer coefficient of surrounding air 25 W/m2.K 
Convective heat transfer coefficient for PV cooling  (hPV) 710 W/m2.K 
Emitter emissivity (ε) 0.195 - 
Ge PV cell temperature coefficient 0.52% - 
Ge cell efficiency at 300 K 11.9% - 
Emitter intensity 2.845 @ 1266 K W/cm2 
 
Figure  10: Temperature distribution within STPV system with NaF as PCM 
4. Conclusions 
A solar thermophotovoltaic system with a thermal storage material was proposed and designed to have 
a continuous power generation. The system is made of a parabolic mirror to concentrate sunlight and a 
receiver that absorbs this incoming sunlight and converts it into electrical energy. 
A cassegrainian solar concentrator was modelled using an optical ray tracing software (TracePro). 9.8 
m diameter concentrator provides 27.216 kW of input power to the receiver with 85.2 % of solar to 
thermal conversion efficiency. Also, a W PhC emission at 1266 K can be converted to electricity using a  
Ge cell with an efficiency of 11.9 % and 0.339 W/cm2 power density. 
The Thermal analysis concludes that NaF cannot be used as an efficient thermal storage material for 
STPV due to its low thermal conductivity that does not allow a uniform temperature distribution inside 
the system. 
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